Cyanobacterium Plectonema boryanum IU 594 and cyanophage LPP-1 were used as indicator organisms in a bioassay of 16 pesticides. Experiments such as spot tests, disk assays, growth curves, and one-step growth experiments were used to examine the effects of pesticides on the host and virus. Also, experiments were done in which host or virus was incubated in pesticide solutions and then assayed for PFU. P. boryanum was inhibited by four herbicides: Pesticides enter the environment by direct and indirect routes. These agents can be sprayed on crops, dispersed in the field as a granular substance, or dispersed from aircraft as in forestry or agriculture. Such pesticides as algicides are introduced directly into the aquatic environment. The cleaning of industrial mixing equipment, disposal of waste, and accidents increase the amount of pesticides found in soil and water. Leaching, runoff, and aerial drift account for pesticide residues in water that were not initially applied in an aquatic habitat (3, 11). The effects of pesticides on nontarget species are clearly of concern.
Pesticides enter the environment by direct and indirect routes. These agents can be sprayed on crops, dispersed in the field as a granular substance, or dispersed from aircraft as in forestry or agriculture. Such pesticides as algicides are introduced directly into the aquatic environment. The cleaning of industrial mixing equipment, disposal of waste, and accidents increase the amount of pesticides found in soil and water. Leaching, runoff, and aerial drift account for pesticide residues in water that were not initially applied in an aquatic habitat (3, 11) . The effects of pesticides on nontarget species are clearly of concern.
Microorganisms have not been used extensively for pesticide bioassay. However, microbial bioassays of biologically active substances such as vitamins, amino acids, antibiotics, and carcinogens are used extensively (3) . The ideal bioassay should be simple to perform, inexpensive, and meaningful (17) . We propose that the cyanobacterium Plectonema boryanum and cyanophage LPP-1 could be useful indicator organisms for assaying the effects of pesticides. The effects of phototoxic agents on P. boryanum should be similar if not identical to the effects on photosystems of higher plants (5) . The materials and methods used for these experiments were simple and inexpensive.
Although P. boryanum and LPP-1 are the major host and virus used in these experiments, other host-virus systems were used as a check on the validity of the experimental results. LPP-2, another cyanophage of P. boryanum, was used for some experiments. Another cyanobacterial system used was Nostoc muscorum and N-1 cyanophage. Escherichia coli and T4 bacteriophage were also tested. * 
MATERIALS AND METHODS
Organisms and growth conditions. P. boryanum IU 594 and N. muscorum IU 486 were grown in modified Chu #10 broth (2) at room temperature under cool white fluorescent lights. Axenic cultures of P. boryanum were selected for by using sodium sulfite (9) . Culture vessels were placed on an orbital shaker (New Brunswick Scientific Co.) for incubation. LPP-1 and LPP-2 cyanophage stock cultures were used in experiments with P. boryanum. N-1 cyanophage stock was used in experiments with N. muscorum. Phage-sensitive E. coli (University of North Carolina-Greensboro Culture Collection) and T4 bacteriophage were used in some experiments. E. coli was grown in nutrient broth (BBL Microbiology Systems), and, when solid medium was needed, nutrient agar (BBL) was used. Twenty-four-hour cultures of E. coli that had been incubated at 37°C were used for experiments.
The cyanophage stocks were kept in LPP dilution solution. The solution contains 0.42 g of MgCl -6H2O and 5.85 g of NaCl per liter of distilled water. T4 was kept in nutrient broth.
Two types of solid media were used in cyanobacterial experiments. Soft agar tubes were made with 1.5% agar (Difco Laboratories) in modified Chu #10 broth. This medium was used as the agar overlay medium. The bottom layer was composed of Chu broth solidified with Gelrite (Kelco) . Gelrite is a thermoreversible gelling agent for microbiological media. The Gelrite-Chu solid medium was made with 0.8% Gelrite, a complex polysaccharide, 0.1% magnesium chloride (MgCl2 -6H2O), solidifying agent, and Chu broth as the solvent. Gelrite is not broken down by the organisms used in this study (4) .
Disk assay and spot test of pesticides. Absorbent disks were saturated with pesticide and placed on lawns of P. boryanum (18) . All pesticide stocks ( (7, 13) . Table 1 were subjected to disk assay and viral incubation experiments. If a particular pesticide had no effect in either experiment, it was not tested further.
Disk assay, spot test assay, viral incubation experiments, host incubation experiments, and one-step growth experiments were all done three times. The growth curves were done twice. RESULTS Disk and spot test assays of pesticides. All pesticides, with the exception of the Isotox constituents, were disk or spot tested on lawns of P. boryanirm. Since Isotox was not inhibitory in the disk assays, its constituents, Kelthane, Metasystox-R, and Sevin, were not used in these experiments. The following pesticides caused zones of inhibition on lawns of P. boiyanumn: Ametryn, Fluometeron, Aldicarb, Atrazine, and DCMU. These are phototoxic with the exception of Aldicarb, which is a cholinesterase inhibitor (16) . The zone of inhibition caused by Aldicarb was unstable in that the zone would appear in 2 to 3 days and then would be overgrown by the cyanobacteria in another 1 to 2 days. The zones of inhibition caused by the phototoxic pesticides were much more stable in that only scant growth of the cyanobacteria could be seen within the zones after 1 to 2 weeks. The zones of inhibition had diffuse edges which decreased the accuracy of diameter measurements ( Table 2 ). The following pesticides did not inhibit either the cyanobacteria or the cyanophages: Metalachlor, Orthene, Enide, Metalaxyl, Chlorodimeform, Diazinon, Sevin, and Metasystox-R.
Viral and host pesticide incubation experiments. Malathion and Isotox were the only pesticides tested to inhibit the plaque-forming ability of viruses. Bacteriophage T4 and cyanophage N-1 were inhibited 100% after incubation in the pesticides for 1 h. LPP-1 and LPP-2 were also inhibited by these two pesticides. Malathion is dissolved in a 30% xylene solution. Xylene alone did not inhibit LPP-1. Two constituents of Isotox. Sevin and Metasystox-R, were tested and did not inhibit cyanophage LPP-1 ( (Table 3) .
Growth curve with P. boryanum and pesticides. DCMU and Ametryn killed P. boryanum in 14 days. Malathion and Isotox, which are cholinesterase inhibitors, actually stimulated the growth of the cyanobacteria. Aldicarb, another cholinesterase inhibitor, inhibited the growth of P. boryanum. The other three phototoxic pesticides inhibited the growth at variable rates ( Fig. 1; Table 4 ).
One-step growth experiments with P. boryanum and pesticides. Malathion did not affect the burst size of the infected cells. Fluometeron decreased the burst by one-sixth. The rest of the pesticides, Aldicarb included, decreased the burst size by more than one-half (Table 5) take from 1 to 2 months. The generation time of P. borvanum is 24 h. Compared with months or years for higher plants, this time is short. The experiments can be done quickly and the results can be read quickly. These experiments indicate that P. boryanum would be a good indicator species to show phototoxicity of chemical agents. Other cyanobacterial species need to be tested as well.
The disk assay experiments with P. boryanum showed zones of inhibition with every phototoxic pesticide tested. The zones decreased in diameter as the conceDntrations of pesticide on the disk decreased. Aldicarb, a cholinesterase inhibitor, also produced zones of inhibition. The spot test assay, using P. boryanum and N. muscorum, showed the same sensitivities as the disk assays. Why Aldicarb should inhibit these two species of cyanobacteria is not known since no other cholinesterase inhibitor caused a zone of inhibition. The zones caused by Aldicarb were overgrown by cyanobacteria in a few more days of incubation, indicating that the toxic property of the Aldicarb diminished. E. coli showed no sensitivity to any pesticide tested. Disk and spot test assays have been used for many years in the testing of many chemical and biological agents (19) . These methods can be used to assay the effects of pesticides also.
Malathion and Isotox were the only pesticides that decreased the plaque-forming ability of viruses. These agents inhibit cyanophages LPP-1, LPP-2, and N-1, and also T4 coliphage, by more than 95%. Attempts to isolate the specific agent of inhibition proved difficult. A pure sample of malathion was not obtained. Xylene comprises 30% of the malathion solution. Xylene did not inhibit LPP-1. The malathion solution also contained "inert ingredients" which were not tested separately. Two constituents of Isotox, Metasystox-R and Sevin, did not inhibit LPP-1. The third, Kelthane, was not soluble in water and was not tested. Kelthane and malathion could be the agents of viral inhibition, but more experiments need to be done. Preincubation of the viral host organisms E. coli and P. boryanum in pesticide for 1 h did not decrease the plaque-forming ability of LPP-1 or T4. This Malathion and Isotox produced no inhibition of P. borNvanimin: in fact, they seem to have stimulated growth. DCMU and Ametryn killed P. bor-antu,n within 14 days. Atrazine was a moderate inhibitor of growth, whereas Fluometeron caused mild inhibition. Aldicarb, the only nonphototoxic growth inhibitor, inhibited the cyanobacteria severely for the first 9 days. After 9 days. the P. borvanuim with Aldicarb grew at a normal rate, and the Aldicarb lost toxicity. Ametryn showed inhibition for the first 20 days, and then the cell density began to increase.
Two pesticide-resistant strains of P. borvanitin were isolated, a DCMU-resistant strain (DR) and an Atrazine-resistant strain (AR). Spot tests were used to compare zones of inhibition between resistant strains and the control. DR showed no zone when spotted with DCMU or Fluometeron. These pesticides are both substituted urea compounds. DR showed reduced zones when spotted with Atrazine and Ametryn. two triazine compounds. Some investigators believe that substituted ureas and triazines act on the same site in photosystem 11 (1, 10) . AR showed slight resistance to the phototoxic pesticides. A battery of pesticide-resistant mutants might define the relationship between the triazines and substituted ureas more precisely.
Malathion did not inhibit the cyanophage burst size, yet Isotox reduced the burst size to more than half of that of the control. The two substituted ureas acted quite differently. Fluometeron had little effect on burst size, whereas DCMU reduced the burst to 12% of the control. Atrazine and Ametryn were 20 and 48%, respectively, of control burst size. The reduction in viral burst size was probably due to the phototoxic effects of these pesticides. Aldicarb reduced the burst size to one-third of the control. Pesticides in microgram amounts can have an effect on the growth of cyanobacteria. Since the photosystems of the cyanobacteria are similar to those of higher plants, chemical agents deleterious to cyanobacteria should also be toxic to plants. Allen et al. (1) showed that Atrazine and DCMU had comparable binding properties in cyanobacteria and spinach. Cyanobacteria are fairly inexpensive to maintain and to grow compared with higher plants. Pesticide-resistant cyanobacterial mutants can be isolated in a few months, whereas plants such as weeds have to be exposed to the agent for years before a resistant mutant will result (6) . Effects of chemical agents could quickly be investigated with cyanobacteria before testing pesticides on higher plants.
The effects of pesticides on viruses have not been studied. That malathion and Isotox inhibit viral activity may prove useful after further investigation.
